Introduction {#sec1}
============

Inspired by numerous natural examples, the self-assembly of molecules has attracted increasing attention as these evolving aggregates often exhibit unique electronic and spectroscopic characteristics. For example, self-assembled derivatives of tetrapyrrole macrocycles of the porphyrin family are of vital importance for natural light-harvesting and electron transfer processes. Thus, understanding and controlling the aggregation of supramolecular structures enables important insights in natural processes such as photosynthesis and in the context of synthetic optoelectronic systems including organic photovoltaics or photodynamic therapy (PDT).^[@ref1],[@ref2]^ Here, molecular assembly leads to emergent new features compared to the monomers such as excitonic coupling,^[@ref3]^ photoinduced electron transfer,^[@ref4]^ nonlinear optics,^[@ref5]^ and activation of molecular oxygen.^[@ref6],[@ref7]^

In addition to their enormous importance in natural systems, their extended π-electron system and semiconducting and photoconducting capabilities make porphyrins the most widely studied conjugated macrocycles.^[@ref5],[@ref8]−[@ref11]^ They exhibit high extinction coefficients in the visible and near-infrared (NIR) regions, where the maximum of the solar flux occurs, rendering them interesting candidates for solar light-harvesting.^[@ref12]^ Moreover, porphyrins can act as model systems in medicine and biology due to their close relationship to structures such as heme and chlorophyll. The latter is found in light-harvesting complexes present in plants and bacteria.^[@ref13]−[@ref16]^

Artificial aggregates of porphyrins have been the focus of many studies, and H-aggregates as well as J-aggregates have been obtained. While both types exhibit a parallel stacking of monomers, in H-aggregates, the monomer centers are aligned on top of each other. In contrast, the centers are offset in a "head-to-tail" fashion in J-aggregates. The resulting aggregate transition dipole moment, taking into account the possible parallel or antiparallel dipole moments on the individual monomers, is shifted to higher (H-type) or lower (J-type) energies, as described in the literature.^[@ref17]−[@ref19]^ Therefore, controlling the stacking can directly influence the optical properties of a material. So far porphyrin J-aggregates have been synthesized as thin molecular films or dispersed in solutions (dependent on pH), thus limiting the versatility.^[@ref20]−[@ref22]^ In principle, this issue could be overcome by fixing chromophores in a solid matrix in a highly ordered structure, hence enforcing the system to aggregate in the desired fashion.

Here, we address this challenge by integrating two photoactive units, a tetragonal aminophenyl porphyrin linked to a thieno\[3,2-*b*\]thiophene-2,5-dicarboxaldehyde (TT) unit, through chemical bonds into a covalent organic framework. To the best of our knowledge, this is the first report on such an ordered porphyrin J-aggregate embedded in a solid matrix with novel optical characteristics, especially in the NIR region, that have not been observed with porphyrins to date. In contrast, H-aggregate formation has been observed in the porphyrin-containing COF-366 (see below).^[@ref23]^ Through targeted selection of molecular units, our synthetic strategy presents a new paradigm for creating highly crystalline solid-state J-aggregates, directed through the structural templating power of a covalent molecular framework.

Ordered in a COF structure, the combination of the above two building blocks leads to a reduction in local symmetry, which is caused by a staircase-like stacking behavior of the porphyrin-COF that causes a splitting of reflections in the X-ray diffraction pattern. This stacking motif results in the strong J-aggregate behavior within the porphyrin stack, which is locked by the surrounding framework structure and drastically changes the optoelectronic properties of the porphyrin moiety. The Q-bands in the absorption spectrum are not only red-shifted compared to the monomer in solution but also gain in transition dipole moment compared to the Soret band, while at the same time the fluorescence lifetime is strongly enhanced as compared to molecular porphyrin crystals.

The extended lattices of highly ordered and tightly packed chromophores in COFs combine novel optical behavior with the unique molecular accessibility of the porous network. Both are promising properties for applications in photovoltaic cells, optoelectronic devices, and could also be of great interest for chemical, medical, and biological applications.^[@ref24]^ For example, photodynamic therapy in medicine could be strongly enhanced by the nonlinear multiphoton absorption of aggregated chromophores and the open architecture of frameworks enabling the efficient conversion of ^3^O~2~ to ^1^O~2~ at the reactive porphyrin centers.

Results and Discussion {#sec2}
======================

The new 2D TT-Por COF was synthesized by combining 5,10,15,20--tetrakis(4-aminophenyl)porphyrin (**1**) with thieno\[3,2-*b*\]thiophene-2,5-dicarboxaldehyde (TT) in a 1:2 molar ratio. The solvothermal reaction was carried out in a solvent mixture of benzyl alcohol, dichlorobenzene and 6 molar acetic acid (30:10:4, *v:v:v*) for 3 days at 120 °C, identified to be the optimal conditions following comprehensive screening of reaction parameters ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a; for experimental data, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) (SI)). The porphyrin units, located at the corners, are linked by the linear TT to form an ordered structure with open channels ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

![(a) Co-condensation reaction of 5,10,15,20--tetrakis(4-aminophenyl)porphyrin (**1**) and thieno\[3,2-*b*\]thiophene-2,5-dicarboxaldehyde (TT) in a 1:2 molar ratio to form the TT-Por COF, featuring tetragonal pores with a diameter of 2.5 nm. (b) Illustration of the TT-Por COF, showing the extended, 3-dimensional structure along the *c*-axis.](ja-2018-080883_0001){#fig1}

Porphyrins have been integrated into various COF structures.^[@ref25]−[@ref35]^ The resulting frameworks, with metallo- as well as free-base porphyrins, were found to exhibit an eclipsed structure, meaning that the 2D sheets lie on top of each other in an AA-stacking arrangement, while AB-stacking simulations did not agree with the experimental XRD patterns.^[@ref23],[@ref36]−[@ref41]^ However, density-functional theory (DFT) calculations performed by different groups suggest that truly eclipsed structures are energetically disfavored in most frameworks and that COFs rather adopt structures with slightly offset layers.^[@ref42]−[@ref44]^

In a two-layer system, the offset can occur with the same probability in all symmetry-equivalent directions. However, only if the geometric conformation of this initial bilayer can be conveyed to the growing framework, translational symmetry is generated throughout the COF domain and can be observed via diffraction techniques.^[@ref45]^ While synchronizing the layer offset has become a very effective COF construction principle with *C*~2~-symmetric building blocks,^[@ref45]−[@ref47]^ this has not been observed experimentally for building blocks of higher rotational symmetry.^[@ref42]^ In the case of the *C*~4~-symmetric tetraphenyl porphyrin, generating an offset-stacked translational symmetry would require breaking the rotational symmetry of each porphyrin node.

Powder X-ray diffraction (PXRD) measurements of the synthesized bulk material confirmed the formation of a crystalline porphyrin COF. To identify the structure, the calculated pattern of an eclipsed *P*~4~-symmetric AA-stacking arrangement was compared to experimental data but did not match ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The size of the unit cell, given by the position of the 100 reflection, however, is in good agreement with the experimental data, suggesting only slight deviations in the unit cell. Both a shoulder on the 100 reflection and a splitting of the 200 reflection into two new distinct peaks indicate a loss in symmetry of the unit cell. Optimizing the geometry, including all unit cell parameters and using a periodic force-field treatment resulted in a simulated pattern that matches the experimental one. In order to produce the correct pattern without neglecting the geometry of the building blocks, the unit cell parameter γ must deviate from 90°, resulting in an offset of the adjacent layers ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). This offset results in a staircase-like stacking behavior, which is prevalent in one direction and can be distinctly recognized in the PXRD pattern ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a).

![(a) Experimental PXRD data (blue) vs simulated patterns (red and black) for a fully eclipsed and (b) staircase arrangement of the 2D layers of TT-Por COF calculated by AM1. The theoretical XRD patterns were simulated for a crystallite size of 50 nm. (c) Transmission electron micrographs of TT-Por COF bulk material showing the rectangular pore structure with defined crystal facets (bottom left) and the staircase arrangement of the COF with an angle between adjacent layers of 110° (inset bottom right). (d) Nitrogen sorption isotherm of a TT-Por COF powder sample measured at 77 K. The corresponding pore size distribution (inset) with an average pore size of 2.4 nm was obtained by fitting the experimental data using an NLDFT adsorption branch model.](ja-2018-080883_0002){#fig2}

Computer simulations were performed at three different levels of theory: DFT to obtain accurate intermolecular interactions, semiempirical molecular-orbital theory on large periodic systems to investigate bulk electronic properties, and molecular mechanics (classical force field) simulations to compute X-ray diffraction patterns for large models to compare with experimental data.

Periodic DFT calculations were carried out with the VASP^[@ref48]^ code. The calculations employed the semilocal exchange-correlation functional due to Perdew, Burke, and Ernzerhof^[@ref49]^ supplemented with the D3 van der Waals correction^[@ref50]^ (including Becke--Johnson damping^[@ref51]^) to take into account dispersion interactions, see the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) for further details. The unit cell as well as the positions of all atoms within the unit cell were optimized starting from the geometry obtained from AM1 calculations (see below). The obtained lattice parameters, see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) of the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf), are in very good agreement with the XRD data and confirm the suggested staircase geometry. To examine whether other geometries represent local energy minima, we flipped the thiophene units bridging porphyrin rings in the obtained structure and reoptimized again. This optimization, however, led back to the same structure as before.

In order to identify the driving force for creating the staircase geometry, we carried out a geometry optimization in which the interlayer spacing of the COFs was initially set to 15 Å and the unit cell volume was kept fixed. This way the structure of an isolated COF sheet could relax while the interlayer spacing remained at a large distance such that the COF sheets remained isolated. It turned out that in an isolated COF sheet the lateral, i.e., in-plane, unit cell is almost perfectly quadratic with in-plane unit cell vectors of length a = 27.39 Å and b = 27.33 Å and an angle γ = 90.97° between them, see [Table S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) of the SI. In the crystalline three-dimensional (3D) material the corresponding in-plane geometry data are *a* = 27.41 Å, *b* = 27.46 Å, and γ = 94.34° and an offset angle of α = 111.41°, see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) of the SI. These results show that the formation of the staircase geometry goes along with a certain distortion of the quadratic lateral unit cell of an isolated single sheet of the COF. The calculated formation energy of the 3D material with respect to single sheets is 1.81 eV per unit cell (compare total energies of three-dimensional crystalline material and single sheets, [Tables S1 and S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) of the SI) with a van der Waals contribution of 2.13 eV. The finding that the van der Waals contribution to the formation energy is higher than the total formation energy means that packing effects lead to distortions that lower the covalent binding energy of the COF network. This raising of the energy upon formation of the 3D-material is, however, overcompensated by van der Waals interactions. This identifies the latter as the driving force for the formation of the observed staircase structure.

In the periodic semiempirical calculations the MNDO,^[@ref52],[@ref53]^ MNDO/d,^[@ref54]^ AM1,^[@ref55]^ and AM1\*^[@ref56]^ Hamiltonians were tested with and without Grimme D3-dispersion corrections^[@ref50]^ using the EMPIRE program.^[@ref57],[@ref58]^ Minimal unit cells and supercells up to 2 × 2 × 4 (\>1600 atoms) were used in the simulations. AM1 was found to be most reliable, correctly describing that aromatic delocalization and π--π stacking are preferred to hydrogen-bond formation. The Grimme corrections are very important for reproducing the interlayer distance and for the energy difference between the eclipsed and staircase arrangements. Several different staircase stacking-patterns were found, including one with unit cell parameters very close to those observed experimentally, while eclipsed stacking was not found to be stable with any of the Hamiltonians investigated. Optimized geometries and unit cell parameters can be found in the SI, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf).

A periodic system with 1000 unit cells was subjected to force-field-based simulated annealing (for details, see the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf)). This procedure resulted in significantly distorted layers, which, however, retained the staircase shifted pattern. PXRD patterns predicted for idealized and annealed supercells (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) for details) fit the experimental curve very well ([Figure [3](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

![Experimental (blue) and calculated PXRD patterns, ideal (yellow) and annealed (light blue).](ja-2018-080883_0004){#fig4}

The transmission electron microscopy (TEM) images of the TT-Por COF confirmed the successful formation of a crystalline and ordered material. Domain sizes of up to 100 nm and the formation of defined rectangular crystal facets could be observed ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Depending on the orientation of the crystallites, the rectangular porous network can be seen from the top or the porous channels from the side. Some facets are oriented such that the staircase stacking arrangement of the sheets is evident and can directly be seen ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c, inset bottom right). The measured angle between the adjacent layers is 110° which is in excellent agreement with the angle of 111.41° in the DFT-simulated structure (compare [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,c, see the SI, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf)).

Nitrogen sorption measurements reveal the typical shape of a type IV isotherm with a steep increase in adsorbed volume at 0.09 *p*/*p*~0~ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). The calculated Brunauer--Emmett--Teller (BET) surface area is 1190 m^2^ g^--1^ with a pore volume of 0.56 cm^3^ g^--1^. This corresponds to 57% of the predicted Connolly surface of 2095 m^2^ g^--1^, which can be possibly explained by defects, displacement of COF layers or adsorbed molecular fragments. Nevertheless, similar surface areas have been reported for other porphyrin-containing COFs (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) for more details).^[@ref23]^ The pore size shows a very narrow distribution with an average pore size of 2.4 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d inset) with a fitting error of 0.7%. This is in good agreement with the theoretical pore size of 2.5 nm.

The newly synthesized TT-Por COF shows a strong absorbance throughout the UV and visible spectral range, tailing far into the infrared region with distinct features ([Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, blue). Peak absorption is at 668 nm with two more distinct peaks at 444 and 600 nm. The peak at 444 nm corresponds to the Soret band (S~2~ ← S~0~), as it can be easily observed in the absorption spectrum of porphyrin monomers in solution ([Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). The two peaks at 600 and 668 nm can be attributed to the Q-bands of the porphyrin J-aggregate, together with the two shoulders at around 766 and 890 nm. The strong red-shift with respect to the monomer in solution indicates a large length scale of ordered J-aggregate-like staircase stacking, which is in good agreement with the PXRD data showing distinctly split peaks as well as the structural modeling. Furthermore, by comparing the COF absorption spectrum with neat porphyrin in powder form (see [Figure S8a](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) in the SI), a strong dominance of the porphyrin features is observed and considering the ratio of 2:1 between TT and porphyrin units, the TT absorption is small (overall \<30% in the region of TT powder absorption). Direct comparison between COF and porphyrin solid monomer absorption shows no new absorption features arising in the COF and the overall absorption can be described, at least in terms of feature location, by a superposition of both neat material absorptions. However, as mentioned above, peak ratios strongly shift with much stronger absorption in the Q-bands due to the J-aggregate arrangement.^[@ref59]^ With little shift of the absorption features and no new ones emerging upon COF formation, we conclude that the aromatic system is essentially nonconjugated ([Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), which can be explained by a 90° rotated phenylene ring between TT and the porphyrin core. We note that all absorption spectra from solid samples are obtained in reflection mode and converted with the Kubelka--Munk equation. The optical bandgap of the COF, estimated from the corresponding Tauc plot for direct and allowed transitions, is 1.25 eV (SI, [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf)). With this small bandgap, TT-Por COF is an excellent candidate for a photoactive material, since its optical absorption covers almost the complete visible spectrum.

![(a) Optical absorption (blue) spectrum of TT-Por COF measured as diffuse reflectance of the solid and converted with the Kubelka--Munk equation, and PL (λ~exc~ = 365 nm, black) spectrum of TT-Por COF, respectively. (b) Absorption spectra of the TT-Por COF measured in diffuse reflectance (blue) compared to the monomers (given in c; TT: dark yellow, dashed; Por: magenta, dashed) measured in diluted solution (5o μM, dioxane). (c) Relevant energy levels of the monomers with HOMO (red) and LUMO (blue), which were determined by combining differential pulse voltammetry measurements and UV--vis data. (d) Photoluminescence (PL) decay curve for TT-Por COF. The sample was illuminated at 378 nm with a pump fluence of ∼0.99 nJ cm^--2^; the emission was monitored at 800 nm (model decay in cyan).](ja-2018-080883_0003){#fig3}

Upon excitation of the TT-Por COF at 365 nm, a distinct fluorescence occurs at 794 nm with a second smaller peak at 696 nm ([Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, black). The position of the latter peak is possibly obscured by self-absorption of the COF. Comparing the emission of COF and aggregated monomers (see the SI, [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf)), the spectral shape does not correlate to a superposition of the neat monomer emissions. The strong overlap between absorption and emission of the COF is not clear but similar optical behavior has been observed for porphyrins in the literature before.^[@ref20]−[@ref23],[@ref60],[@ref61]^

Electrochemical measurements provide insights into the oxidation and reduction potentials of the electroactive linker molecules. In order to determine the exact energy level of the highest occupied molecular orbital (HOMO), differential pulse voltammetry (DPV) was applied in dilute solutions in which the samples exist as single molecules. Ferrocene was used as internal reference and a potential of *E*(Fc/Fc^+^) = −4.80 eV vs *E*~vac~ was assumed.^[@ref62]^ The sum of the HOMO and the bandgap energy, which was obtained from the Tauc plot, yielded the position of the lowest unoccupied molecular orbital (LUMO) and the energy levels of the bandgap with *E*~HOMO~(TT) = −5.40 eV, *E*~LUMO~(TT) = −1.92 eV, *E*~HOMO~(Por) = −5.01 eV, and *E*~LUMO~(Por) = −3.27 eV ([Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). We note that since the connecting building blocks rotate out of the plane ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), overlap between the orbitals of the aromatic linker molecules is restricted, reducing the effective conjugation of the resulting COF as confirmed by UV--vis measurements.

Photoluminescence (PL) dynamics provide important information on the lifetime of the initially generated singlet. To determine the PL dynamics, time-correlated single photon counting (TCSPC) was applied using a pulsed 378 nm laser (see the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) for method). The PL decay of TT-Por COF was measured at 800 nm and the resulting histogram was fitted with the sum of three exponentials (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf) for full set of parameters). The long-time decay constant is 4.90 ns ([Figure [4](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) which is among the longest lifetimes for COF PL reported in the literature.^[@ref63],[@ref64]^ This decay time is somewhat shorter than that of the monomers in solution, which show PL decays on a time scale of 4 and 9 ns, as has been observed in the literature.^[@ref60]^ However, the pure solid starting materials TT and (**1**) exhibit average lifetimes of 1.12 and 0.67 ns, respectively (SI, [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf)). Hence, the results show a significant increase of singlet lifetime within the COF compared to the neat solids, which we attribute to a stabilization of the singlet state within the well-defined spatial molecular arrangements within the COF lattice.

To investigate the influence of the TT building block on the excited state lifetimes, three additional porphyrin COFs were synthesized from compound **1** and different linear building blocks (for more details, see the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf), sections 4 and 5). As the first example, 2,5-dimethoxybenzene-1,4-dicarboxaldehyde (OMe) was used as bridging unit between the four-armed porphyrin molecules.^[@ref65]^ The PL decay of the resulting OMe-Por COF structure was analyzed by TCSPC and the lifetimes of the excited species were found to be merely the sum of the lifetimes of its two components, without any noticeable impact due to embedding in the COF lattice (for more information see the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf), section 7). As a second example COF-366 was chosen, formed by combining compound (**1**) with terephthalaldehyde (1P; for experimental details see the [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf), section 2) as reported in the literature.^[@ref23]^ It showed a fluorescence lifetime of less than 1 ns, suggesting the occurrence of processes analogous to those within the starting materials. Comparing optical absorption and PXRD data between the three different COFs, TT-Por shows the strongest aggregation, as derived from the most pronounced red-shift of the optical absorption and splitting of PXRD peaks. This indicates that the extended lifetime of the fluorescent species within the TT-Por COF compared to its components is a result of the J-aggregate formation, allowing for a better delocalization of the singlet across the porphyrin units. This delocalization throughout the COF structure causes a stabilization of the excited species and prolonged lifetimes. With the weaker aggregation arising within the OMe-Por and COF-366 structures, singlets are more localized and hence resemble the behavior on solid monomers. As a result, no prolonged lifetimes of the excited species could be observed in these COFs.

Conclusion {#sec3}
==========

In this study we have developed a new offset-stacked imine-linked COF comprising tetragonal porphyrin and linear thienothiophene building blocks, resulting in the formation of J-aggregate stacks of unprecedented spatial extension. This aggregation enables substantially prolonged lifetimes of the singlet excitons compared to the solid starting materials, as indicated by the PL dynamics. Hence, covalently embedding the chromophore building blocks in the COF forces the formation of aggregates and facilitates exciton delocalization throughout the framework as well as stabilization of the excited species. Through careful covalent framework design, this directed stacking arrangement could potentially be transferred to other chromophore systems as well, allowing for specific utilization of the aggregate benefits. This aggregation-based spectral tuning of (sustainable) chromophores can lead to materials with appealing bandgaps in the NIR region. Moreover, we believe that the insights gained from these well-defined model systems can be transferred to currently used organic photovoltaic devices and help to understand and optimize these systems. Specifically, the strong absorption of the TT-Por COF in the visible is desirable for harvesting a large fraction of the solar spectrum, and the prolonged singlet lifetime would be beneficial for charge separation and ultimately collecting the energy of these excitations. Applications in photovoltaics would require the design of appropriate heterojunctions providing efficient exciton diffusion and dissociation as well as efficient charge carrier transport.

Moreover, the solid COF matrix in which these J-aggregates are incorporated enables efficient molecular access through the porous framework for interactions with liquids and gases. This would allow valuable insights and open up a new basis for experiments with porphyrin aggregates without the need of aqueous environments and pH restrictions. Here, especially the close relation to molecules occurring in nature such as chlorophyll could be of interest, and possibly similar COFs enforcing J-aggregates can be built with metal-containing porphyrins. Thus, this type of COF could be used as a model system for biological, chemical, and medical applications. Recently, porphyrin aggregates have attracted great interest due to their increased two-photon absorption cross-section that can be used to selectively target tumor cells in human tissue with photodynamic therapy (PDT).^[@ref66]−[@ref69]^ Due to the use of NIR light, high spatial resolution, deep tissue penetration depths (of around 2 cm) and selective excitation can be achieved, which is of great advantage in PDT.^[@ref1]^ Furthermore, this architecture could lead to new materials for the photodynamic inactivation of bacteria due to enhanced absorption by the enforced J-aggregate stacking of porphyrins within the COF.^[@ref70]^ The entire set of special features of such COFs, i.e., the high density of chromophores, intrinsic porosity and crystallinity, as well as intriguing optical characteristics, are expected to open a vast field of new opportunities where highly ordered aggregates yield new insights and functionalities.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.8b08088](http://pubs.acs.org/doi/abs/10.1021/jacs.8b08088).Experimental methods, synthetic procedures, and additional structural and spectroscopic data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08088/suppl_file/ja8b08088_si_001.pdf))
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